Cui et al. 1) proposed a methodology for the fluid flow characterization of asymmetric tundishes that does not rely on any idealized flow model. First, the E curves of each tundish strand is obtained through the pulse input experiment. Subsequently, the E curves are converted into F curves by integration. Then, the dead volume fraction of the entire tundish (V d ⁄V) is calculated so as to evaluate the overall tundish performance. Finally, the flow uniformity among tundish strands is assessed through quantities obtained from the strand F curves (i.e. maximum difference between strand F curves for two-strand tundishes or maximum standard deviation among strand F curves for multi-strand tundishes). In the present work, the calculation procedure for the methodology of Cui et al. 1) is discussed in detail. It was identified a problem in the obtention of F curve by Cui et al. 1) that modified the actual formulas of V d ⁄V. In addition, this work presents new equations that facilitate the calculation of V d ⁄V when physical and mathematical models are employed. Moreover, the most convenient definition of the dead volume fraction is studied. It was found that V d ⁄V can distinguish different flows more effectively if it is based on one dimensionless residence time rather than two. Furthermore, some parameters for assessing the flow uniformity among tundish strands were compared. The area metric described by Oberkampf and Roy 11) is the recommended one.
Introduction
The fluid flow characterization of continuous casting tundish is key for the optimization of the performance of this equipment. However, the most of tools available for this purpose were developed for one-strand or symmetric tundishes. In their work, Cui et al. 1) proposed an interesting four-step methodology for the fluid flow characterization of asymmetric tundishes that does not rely on any idealized flow model. These four steps are outlined next.
First step: the E curves of each tundish strand is obtained by the well-known pulse input experiment. Second step: the E curves are converted into F curves by integration. It is noteworthy that the F curves could also be obtained directly by the step tracer experiment. However, this experiment is less convenient in practice.
Third step: the dead volume fraction of the entire tundish (V d ⁄V) is calculated in order to evaluate the overall tundish performance. Fourth step: the flow uniformity among tundish strands is assessed through quantities obtained from the strand F curves. If the tundish has only two strands, the maximum difference between strand F curves is evaluated. Otherwise, the maximum standard deviation among strand F curves is calculated.
In the present work, the calculation procedure for the methodology proposed by Cui et al. 1) is discussed in detail. It was identified a problem in the obtention of F curve by Cui et al. 1) (steps 1 and 2) that modified the actual formulas of the dead volume fraction of the entire tundish (step 3).
In addition, new equations are presented that facilitate the application of the methodology proposed by Cui et al. 1) when physical and mathematical models are employed. Moreover, the most convenient time definition of the dead volume fraction is studied so that V d ⁄V can distinguish different flows effectively. Furthermore, some parameters for assessing the flow uniformity among tundish strands are compared (step 4).
Comments about the Dead Volume Fraction Equation for Symmetric Tundish
The dead volume fraction (V d ⁄V) of a tundish was defined by Cui et al. 1) as the volume fraction of fluid that stays within the tundish longer than a specific time. In their work, 1) this time was set as two mean residence times (two dimensionless times). Based on this definition, the following equation was proposed for calculating the dead volume fraction: 1)
Where θ L is the dimensionless time instant employed in the definition of the dead volume fraction (θ L = 2 for Cui et al. 1) ), F is the F curve and θ is the dimensionless time.
First of all, it should be mentioned that Eq. (1) had already been used in a foreign language (Brazilian Portuguese) work 2) for characterizing the fluid flow of a twostrand symmetrical tundish. In addition, more rigorous deductions of this equation than presented by Cui et al. 1) can be found in chemical engineering literature. 3, 4) Moreover, integration by parts leads to:
Where E is the (dimensionless) E curve: 1)
Therefore, Eq. (1) can be rewritten as:
Equation (4) is more convenient for calculating V d ⁄V from E curve than the formula suggested by Cui et al.
Where θ ′ is a variable of integration.
Comments about the Dead Volume Fraction Equa-
tion for Asymmetric Tundish Apparently, Cui et al. 1) performed wrongly the calculation of the E curves from experimental data (step 1) or the conversion of E curves to F curves (step 2). Cui et al. 1) argued that the F curve of an asymmetric tundish is: 1)
Where F j is the F curve of the #j strand of the tundish and N is the number of tundish strands.
Then, the dead volume fraction was calculated as: 1)
Since the F curve of each strand, F j , is the result of the step tracer experiment, F j → 1 when T o f. As a consequence, the integrand of Eq. (7) is negative when T o f and the integral diverges (V V d / o f). In their work, Cui et al. 1) obtained finite values of dead volume fraction due to a problem in the obtention of the F curve of each strand, F j . Indeed, Figs. 4 and 5 of Cui et al. 1) show that the F curves calculated by the authors do not approach to unit for large dimensionless times.
In order to avoid future problems, the calculation procedure of dead volume fraction, E curves and F curves for asymmetric tundishes is detailed below.
The dead volume fraction of the tundish should be calculated by means of Eq. (4) using the following global E curve:
Where V td is the fluid volume within the tundish (m 3 ), M tr is the tracer mass injected (kg) and c is the average output concentration (kg/m 3 ) given by:
Where Q j is the outlet flow rate of the #j strand (m 3 /s), c j is the output concentration of the #j strand (kg/m 3 ) and Q in is the total inlet flow rate (m 3 /s): and t is the time (s).
Calculation of Dead Volume Fraction by CFD Models
The step tracer experiment can be easily replicated by CFD models. Thus, Eq. (1) could be applied directly in this case. However, a simpler approach is available. Specifically, one can calculate V d ⁄V from its definition by means of the following equation:
Where f is the mass fraction of the new material that enters into the tundish during the step tracer experiment. Initially, it is null (f = 0) and it is unitary (f = 1) at tundish inlet. In addition, x (m), y (m) and z (m) are the three spatial coordinates of the Cartesian system.
It is noteworthy that the integral present in Eq. (15) is readily evaluated using the post-processor tool of the CFD software.
Study on the Definition of θ L
As it was stated in section 2, the dead volume fraction (V d ⁄V) corresponds to the volume fraction of fluid that stays within the tundish for a dimensionless time longer than θ L . Cui et al. 1) set θ L = 2, but these authors made clear that other values could be used. In this section, the definition of θ L is discussed.
Note that Eq. (1) has two trivial solutions that apply for any F curve:
As these two limiting cases are totally uninformative, it should exist an optimum value of θ L . Specifically, it should exist a value of θ L that enables Eq. (1) to distinguish effectively among different fluid flows.
There are two well-known ideal flows: the plug flow (PF) and the well-mixed flow (WF). 7) For them, Eq. (1) become:
The difference between the above two flows is maximum when θ L = 1 (Fig. 1) and it is:
Therefore, this value of θ L should be adopted preferably for calculating the dead volume fraction.
Interestingly, when θ L = 1, Eq. The hold-back expresses the volume fraction of old material remaining within a vessel after a volume of new material equal to the vessel volume has entered into it. When θ L = 1, the hold-back interpretation is preferable to the dead volume fraction interpretation, since one may not consider a fluid as "dead" in this condition. Fig. 1 . Difference between the dead volume fraction (Vd ⁄V) predicted for well-mixed flow (WF) and plug flow (PF). The abscissa, θL, is the dimensionless time instant employed in the definition of the dead volume fraction.
Methods for Evaluating Strand Uniformity
Cui et al. 1) proposed using the maximum concentration difference between strands (δ max ) as an index for evaluating the steel uniformity between two tundish strands (1 and 2): 8) which is used to judge if two samples come from the same statistical distribution.
Nonetheless, Eq. (19) involves only the information of a single point what can be ineffective. Indeed, the Kolmogorov-Smirnov test is less powerful for testing normality than other statistical tests that employ more sample information. 9) An intuitive alternative to Eq. (19), which overcomes the above drawback, is to consider the time integral of the concentration difference, δ int (s): And Eq. (20) can be rewritten as:
Therefore, the above method is equivalent to compare the average residence time of the strands -the approach recommended by Lei. 10) Unfortunately, δ int can also be ineffective, since two strands may present very different distribution of residence times even though they have the same average residence time.
This drawback can be readily overcome if the modulus of the concentration difference is used instead of the concentration difference. This reasoning leads to the area metric (δ area ) proposed by Oberkampf and Roy: 11) G area f ³ F F dt For multi-strand tundishes, one can adopt a standard deviation-like formula: The factor 2 present in Eq. (24) ensures that it reduces to Eq. (23) when N = 2.
Conclusions
This work discussed in detail the calculation procedure of the methodology proposed by Cui et al. 1) It was found that the F curves obtained by Cui et al. 1) are inconsistent (i.e. the F curve calculated for each strand does not tend unity when the dimensionless time is large). This issue impacted on the formulas for evaluating the dead volume fraction of the entire tundish (V d ⁄V). In order to avoid similar problems in future, the correct formulas are presented in this work.
In addition, new equations were deduced for facilitating the calculation of the dead volume fraction. If physical models are employed, an equation based on the global E curve should be used. On the other hand, if mathematical simulation is carried out, the dead volume fraction can be calculated more easily from the definition of V d ⁄V through numerical integration.
Moreover, the definition of the dead volume fraction was investigated so that V d ⁄V could distinguish different flows effectively. It was found that dead volume fraction should be defined in relation to one nominal residence time. This new definition transforms V d ⁄V into the hold-back (H) proposed by Danckwerts. 3) Furthermore, it was compared three parameters for assessing the flow uniformity among tundish strands. The area metric described by Oberkampf and Roy 11) is the most advantageous among them.
